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ABSTIFACT

Ap implicit finite-diiference (IFD) conguter £cdel was

DREEDDLN

develcred ky Jaeger to solve the parakolic eguaticn. The
] model freserves contiruity cf rressure and tke normal ccmjo-
j pent cf particle velccity at the ocean bottom where there is
¥ an interface betwveen 1sxedia with different sound speeds and
densities. This feature was igplemented to make tle model
@ore accurate in a shallcw water enviromment. The IFD
rerfcimance in a shallcw water environment is analyze€d. 1The
IFD results are compazred with thcse of two other models and
- analyzed in light of Lasic rphysical reasoning. 1In aéditica,
a sisple slcping ocear bottom is modeled in an exfpericental
tank s£c that the 1aeasured fressure field can alsc be
comgared to IFD model results.
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I. INJECRUCTIION

A variety of acotstic aocdels exist to predict transzis-

sion lcss. Each of these mcdels contain ibpherent strengths
and weaknesses. All have shown poor results in a shallow
vater envircnment due to difficulties at the ocearn tkctten
where trhere is an interface tetween media of differert sound
speeds ard densities.

Since its introduction (Hardin and Tappert,1973), the
parakclic wave eguaticn has been a widely accepted ueans cf
soluticn for accustic propagation. The earliest frccrams
used a split-stepr Fcurier trapsform algorithm to sclve the
Farakclic eguation (EE). Severai other solution teckhnijues
bave lteer develored rrimarily to overcome difficulties that

cccur witen the Fourier transform eacounters an irnterface
ketween different media (Lee ard Botseas, 1982 and ¥cDaniel

and lee, 15€2). —

Ap alternative sclution techniqgue that uses an implicit L]
finite~difference (IFL) algorithm was developed by lee and zfﬁf
Eapadakis (1979). 1bis methcd dincorporates afpfprogriate Zﬁff
interface ccnditions and allows solutions in shallow uater. =

Starting with the IFL algoriths, Jaeger (15983) develofped a
computer mcdel to rredict transmission 1loss and accustic

fressvre ktased cn user specified bottom tojpography ard a
single scund speed rrofile. This computer model uses the
mathenatical treatmert of the horizontal and slopirg irter-
faces developed by EcLaniel and Llee (1982) apd lee and
McDaniel (1¢83). It also utilizes several design features

and 1nmeticds inccrporated in an earlier computer fprcgram
develcied Lty Lee and Eoteas (1582), and a PE computer nodel
develcred ky Breck (1¢78).

10




Tte 1FL program [freserves continuity of pressure and
contiruity c¢f the ncimal ccmpcnent of particle velccity at
an interface between media having different scund sfpeeds and
densities. This <feature makes the prcgram uaconditicrally
stable and better akle to handle the bottom ktcurdary
conditicr.

Since its develciment, the IFD grogram has oct ce€en
rigorcusly tested. This thesis analyzes the [frcgrar's
recfcrsarce in an idealized shallow water environment. <ZThe
envircreert includes a simple slopling saand tottom reneath at
isosfpeed water field. The aralysis begins by conparing the
IFD's [redicticns with predictions fros Jerscn and
Kuperman?s (1980) FF model and Coppens, Humphries and
Sandexr's (1684) imace model. The analysis also includes a
comgariscr of the 1cdelt's estipated transmissicn icss
contcurs with exrectations based on siggpie Fhysical
reascning. Finally, tke thesis describes an attempt tc mcdel
a shallcw sloping bottom in an experimental tank. The tank
contains a sand bottcm sculptured with a ten degree sloje.
laboratcry measurements ci toe pressure field are taken at a
frequency cf 100 kHz for ccmparison to the predicted fres-
sure field cenerated by the IFD. These compariscns cf the
IFD predictions witk cther acdel estimates, theory, and
laboratory measuremerts jive an indication of the IFL's
Ferfcrmance in a shallcw water environment.

..
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II. JBE IEL CCHEUIER MODEL

‘ A. EACKGRCOUND

WA

Ar igplicit finite-differepce solation technigue tc the
farakclic eguation has been studied and refined ry wmany
authors. The history of this development is explained in
detail by Jaeger (1583), but merits review in order tc yain
a persgpective on an aralysis of the IFD computer model. 1Iae
rarakclic equation is an agproximation to the ellifptical
save €quaticn. The first means of solving the PE wused a
split-step fast Fourier transform method as develcped Ly
Jappert and Hardin (1973). This method reguires geriodic
toundary conditicns ir depth kecause of the finite Fourier
transfcrnx and handles this constraint Ly introducinpg arc
artificial bhorizontal ressure release bottom belcw tae

. actual ghysical bottcn. This method of implementing an
artificial bottom was inccrpcrated into the earliest PE
zodels developed by Jenson and Krol (1975) and Brock (157§).

Exrcrs in this split-step Fcourier transform methcd were
found tc be proporticnal tc the horizontal range stef and
the second derivative of the ipdex of refraction. The se€ccnd
derivative of the dirdex of refraction temds to Le 1large

: across tike ocean bottcm interface. Another problem with the
< split-step method is that it does not corpsider demsity
- diffexences betueen two different media at an interface,
% which influences the reflection coetfficient. For these ?;;

E reascns the split-step fourier transform methcd prceved to ke ;ﬂ}
- poorly svited for a stallov water environment. ,ff:
_ Tbe IFL soluticr methbod was introduced by 1lee and 1
E Fapadakis (1979) as ar alternative to the split-stef methcd. k;ﬁ
A The IFD pmethod emplcys a seccnd order central difference £&§
-

T
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formula to solve the EFE in the fcrm of a tridiagonal patrix.
Althcegh the first version of the IFD did handle discontiru-
ities in the scund speed profile, it did pot consider
density discontinuities. In 1962 McDaniel and Lee irtrcduced
a meticd t¢ hardle a horizcntali interface of different
densities. In 1983, they extended their treatzeat to
include a sloping interface. It is this version of tae IFD
that is vsed in Jaeger's comguter proyranm.

E. TEE CCBEUTER MODEL

Tke 1FL computer frogram consists of a amain prograz acd
tventy sukrcutines. 1he prcgar utilizes a modular ccnstruc-
tion sc that each of the various subroutines are called from
the mpain frogram to ccmpiete a specific calculation ¢r rfurc-
tion when 1reyuired. The IFC 4is run interactively frogz a
user generated input file that contains values for
freguency, one sourd speed jprofile, a bottom Gfrcfile,
sourcesreceiver depths, attenuation coeifficients for Lkctha
the water and the bottcem, and several other input parameters
that tell tite the prcgram where to obtain a solutiorn witkin
the field. The procram initiates the calculations assuming
an ipitial Gaussian [ressure field and an artificial fres-
sure release surface at a user specified depta.

Atteruvation in toth the water and tae sedirert is
bandled as complex indices cf refraction. An artificial
attenvation layer is estaklished beneath thbe sedirxert to
introéuce attenuatior above the artificial pressure release
surface. The actual magnitude oz thas enhanced attenvaticn
is calculated using ar eguation derived by Brock (1978) for
tse in his EE computer model.

Tte IFD progzram steps along the specified bottcm ;rcfile
and sgzakes calculaticns docwn tarouyh the water/sediment
colump at each user specified bhorizonal ranje. The frcgrasm

~.
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requires that the Ebcttca intersect exactly at a vertical

grid rcirt. As a result, for a slojying Loctom the prcyrax
automatically calculates the range step to fulfill this
Ieguireument. Tuis ccmputer generated range step is always
less thap c1 equal tc the wuser provided range step. As the
slopre ¢f the bottom increases, the range stefp must decrease
and gore calculations and computer time are reguirec¢ to
solve tle entire [fressure field. In scme situations az
actual mcdification cf the user inputted bottom is reguired.
Tnis c¢ccurs with a very gently sliopiny bcettom when the
required rarge step e€xceeds tbe user specified rarge steg.
Here, the program auvtomaticall; models the bottcm as a
series cf level and sloping sections im order to ensure the
user cenerated range step is nct exceeded. This mcdification
cf tbe tcttcm is always less than or egual to one-half the
vertical grid spacing and the model issues a warnirg tc the
user cf the modificaticn.

Ectbh rrinted and graphical output are provided Ly tkhe
IFD. 1be frinted cutput prcvides transmissicn loss and the
real and imaginary cciponents cf the pressure field at each
depth fcr a specified hcrizcpotal range. The graphical cutjut
is a jlct ¢f transmission loss versus range at the user
srecified receiver derth.

C. RCLEI EFOBLENS/MCLIFICAIICHNS

As tbis study of the IFD frcgram progressed, it Lkecame
necessary tc modify certain aspects of the wmodel. Mcst of
these @mcditications sere necessary to alter the G[frcgram
cutput irtc a acre desirable fcram, but a few were imgple-
gented tc correct fpicgramming deficiencies. Although tkis
secticn c¢f£f the thesis discusses the earliest model rurs,
these results are 1ot presented in detail, tut orly
discussed ip general terns Lecause they were obtained Lefore

14




the ccrputer model was fully wmcdified. All meodificaticns
sere rnade cnly aftexr careful apalysis of multiple @model
runs. It is impecrtart to realize that all results generated
for ccmparison to ctker models and laboratory measuresents
came ficz a fully mocified version of the IFD.

Since the ultizate okjective of this study was to
compare 1FD model results with laboratory measurements the
frogras sas first rur with dirput parameters which exactly
modeled ccnditicrs in tne tank. The experimental set ug,
explained later in great detail, consisted of a tazk tkat is
apprcximately twc meters in lepgth, one meter in depth, with
a ten cecree slcping sand bottcm and a mpaximum water defth
cf 35 centimeters(cm). Based on a test case run ty Jaecer
{(1983) «cf a sipfple sloping bettom, and by results shcun by
Jenscr ard Kupersman (1980) for propagation in a wedge-shared
ccean, it was expected that there would be certain recc¢niz-
able g[pattezns in the predicted EFropagation f[patterns.
Specifically, since tike speed of sound in the bottom exceeds
that ip the water (fast bottcm), the siamfple slofing kcttoa
suppcrts trapped ancrmal smcde propagation (Coppens and
Sanders, 1961) . As the acoustic energy travels ufgslcpe
toward tle¢ apex, successively lover modes are cut cff and
the epnerc¢y contained in these ®modes is transmitted intc the
tottcx. The range from the apex at which energy cf the
lovest wmcde is tranpszitted intc the bottom is referred to as
the duap distance ané is a function of wavelength, wedge
angle, and the ratic ¢f sound speed in the water tc the
sound s;e¢ed in the sediment. An empirical equaticn ttlat
defines this dump distance was derived by Coprens, Sanders,
Iocanncu, ard Kawamura (1978); and was used to identify the
expected ranges of these durp distances for the given
scenario descrired alcve.

Tte ipitial unmodified IFD run used the parameters taken
from the tank and <showed Ko recognizable patterns ir the
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acoustic field. There vas no observable decrease in trars-
gissicn lceS at the various dump distances as expected.
Father, results indicated widely fluctuating patterrs in the
acoustic iield that appeared ipconsistent with both frevicus
studies and simple rbysical reasoning. Upon closer apalysis,
it was disccvered that althcugh the program was designed to
te irdependent of scale there are several 1logic statesents
that are not implemerted if the user provided range stefp is
less thar cne meter. Because the logic statements aren't
satisfied, the NEWSEG and MEWMAT subroutines (Jaeger, 19&3)
are nct called ccrrectly. The NEWSEG subroutine initializes

the Lkctten slope ané the NEWMAT subroutine computes matrix 152&
€lements for the prccram. Obviously, errors in tbhese two f;
frograz functions sericusly distort results. Because of this ﬁf;
systegatic error in tke prograr it lecame necessary tc scale E::
up all tank parameters. A1l distances were scaled ufp Ly a
factcr of 1000, and frequency was scaled down by a factcr of
1000. Careful analysis reveals that all input parameters are
a furcticn ¢f either distance c¢r fregquency, so this scaling
Froduces results that model thcse expected in the tank.

The second modification c¢f the IFD was reguired to
provide a three dimersional grarhics display. As discussed
c€arlier, tke IFL rrcvides a transmission loss [flot versus
range at a single depth. Hcwever, to study the &rodel B
fredicticns in greater detail it was felt that a twc dimen- i“
sional aralysis cf tlke model estimates would be Bncre mean- fi;i
ingful. As a result a transmission loss contouring prcgram a8

was developred. The rrogram {(Appendix B) displays transais-
gion lcss contours for range versus depth. Use cf the
contcur flct reguires that transmission loss values gener-
ated Lty the IFD be sent to a data disk wused by the ccrntcur
routire. Tc facilitate this transfer a dummy variakle (LIED)
vas estallished in the PRINI2 subroutine to store the trans-
sissicn loss values and then tbese values are writter tc the
data disk at the end ¢f the xain frogram.
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Apctler podificaticn of the IFD output was reguired to
change tke real and imaginary- couponents of the fpressure to
a sincle [fressure armplitude magnitude. It was felt that
dealing with the [fressure magnitude was easier ard @mcre
geanin¢cful thanm witl the real and imaginary comfobents of
the fressure field. 1IThis ccnversion was done in the PRINT2
subroutire and established a new variable (PRMAG) tc¢ repre-
sent tle pressure magritude.

A firal modification in tke computer prcgram was made
due tc¢ a suspected errcr in the coamputation of the attenua-
tion in the artificial layer. Fhysical reasoning dictates
that prcper iamplemertation of the artificial attentyation
would result in a steady drcp off in acoustic pressure with
deptl thrcughout the artificial layer, with pressure drop-
Fing tc ze10 at the fressure release surface. IFL zcéel
results cn the other tand showed wide fluctuations in fres-
sure with depth in tke layer and then only a minizal fall
cff at tlke [fressure release suvrface. The equaticr in the
IFD tlat actually cozfputes the wmaganitude of the attenuation
in tke artificial layer was taken directly froa Ercck's
(1978) EE mcdel (Jaecer, 1583). However, Brock's eguation
was derived with feet as the wunit of ameasurement while
Jaeger's mcdel is dexived vwitbh meters as the uanit cf peas-
urement. With this in wmind, Jaegyer's equation sktcula ke
apprcximately a factcr of three larger than Brock's eguatior
to ccrrect for the difference in units. To correct for tktis
€rror tke ecuaticn tc calculate attenuation (ATT(I)) in the
BEWMAT sukrcutine was increased by a factcr of three. Wiexn
this ccrrection was inplemented, the large fluctuaticrs in
presscre with derth were elimirated. The expected drofp cff
in pressure vith depth and the fall off of pressure tc zero
at the fressure release surface were noted.

A listirg of the revised IFD computer [program sith all
sodificaticrs cap be geen in Appendix A.
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L. MWCLEL VERIFICATICH

1. Ccmrarisch with Jaeger Model Run

In iight of the modifications to the IFD ccrputer
frograz just discussed, it was necessary to ensure that the
the chances therselves did not introduce errors irtc the
model. £o0 as a first step the modified IFD program was run

for cne of the test cases used by Jaeger im his origirai
work. 7Tkis case analyzes propagation in ar environment trat

hﬁ goves frcm deep to skallcw water. <This particular envircan-
! gent is depicted in Figure Zz.1 and was chosen because it was
P. very sigilar to the simple slofing bottom in the tank exper-
ﬁf iment. A sclution is oktained for a bottom with an upslcpe
5; cf 8.5 degrees. An isospeed water field is used witi scund
ki speed set at 1500 u@/s. Scurce frequency is 25 Hz. ihe

scenaric has a pmaximus depth of 350 meters and a range cf 490
- kilcmetexrs. Both the source and the receiver are set at 25

Ty
RN
A B

geters.

Tbe results using the rodified 1IFL prograr s€re€ the
same as Jaeger's for this test case above the artificial
atteruvatior layer. As explaiped earlier, the G[fprcgram was
sodifijed tc reflect bhigher attenuation in the artificial
layer, =0 as to prcperly reflect the effect of atteanuvation
in this region. The modified program results did rnct show
the large fluctuaticrs in pressure with depth in the artiti-
cial layer but ratler the gradual decline in fresscre
towards a value of zero at the pressure release surface. Eut
above tke¢ artificial layer the modified program results were
identical with those achieved ry Jaeger with the criginal
frograns. Apparently, the gincr chnanges in the [frcgraa N
designed tc improve c¢n the form of the program ocutput dces ;:;4
pot hinder the mcdel's arkility to achieve a soluticr ip the 1]§
upper sediment and water colunn. -

1€ N




FREQUENCY - 2.0 HZ
SOURCE DEPTH - 25 M.
¢} »
2501
Y )
Eas0
u
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Q
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Q
750"---——————— — amn e Gy et e e o=
ARTIFICIAL LAYER
100 — ' +
0.0 10.0 20.0 . 30.0 40.0
RANGE(km)

Figure 2.1 Jaecer's Deep-to-Shallow Rater Case.

ensen and Kuperman Model Run

1he seccnd attempt at verifing the IFL ©pcdel
invelved a compariscr of mcdel results with those achieved
with a FE mcdel desigred by Jensen and Kuperman (1980). 1The
Jdenser and Kuperran MEcdel (JKM) uses a split-step sclution
techrigque. Compariscr with this particular model was chosen
tecause it is one of the few that obtains a soluticr it two
dimensicos. Most acotstic mcdels obtain a solution at only a
single depth. 1In addition, Jensen aand Kuperman made their
godel rurs in a simfple sloping ccean bottom epnvirccrment very
similar to the scenario of interest modeied in the tark.
This ervircoment is depicted in Figure 2.2 and features a
gently slofing bcettcx of 2.2 degrees. The water coluzn bas a
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unifcrs speed of 150C m/s. The source is placed just Lelow
the midpcint in the cbapnel at 112 meters and is driven at a
frequency c¢f 25 Hz. The maximum depth in this scerario is
200 mceters and has a raximug range of 12.5 kilometers.

T1he Jensen ard Kuperman results wvere expressed as

FREQUENCY - 2.5 HZ
SOURCE DEPTH -112 M.

o 9
2.2
* WATER
200
R~ L *
'E 400 -
X
Iy SEDIMENT
] )
& 600
800 — : — ;
0.0 2.5 5.0 7.5 10.0 12.5
RANGE(km)

Pigure 2.2 Jenser and Kuperman Sloping Bottoam Case.

transgission loss ccrtours fcr range versus derth. 1Their
study ccncentrated cn transzission loss patterrs in the
sediment, Lut results were cbtained both in the sediszert and
in tbe water. These results are compared to the IFD results
at ranges cf 2.5, 5.¢, 7.5, 10.0, and 12.5 kilometers. 1hese
rangeés were chosen for analysis because the JKM results
showed the greatest variaticp in transmission loss with

20
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deptb and thus, makes for a more meaningful compariscn with
the 1IL results.

The IFD and JKM results can be seen in Figure 2.3
through Figure 2.7. 1In all the figures, the IFD estiszates
are skcwr as a solid curve while the Jensen and Kuperszan
results are depicted as circular points. 1The first analysis

is at a rance of 2.5 kilometers. From Figure 2.2, it can be
seen that tlie derth at this rapge is 200 meters and is ir a
flat lottcm reygyiom. From tbe results shown in Figure 2.3,
it is <ckvicus that Lcth mcdels obtained almost identical
results frcm the stirface dcwn to a depth orf abcut 300
peters. Tbere are differences between the two sets of
predicticns from the «c¢cean Lkottom to a depth of 100 meters
telow this [aint. Eelow 300 meters the Jensen and Kufpersan
results shos a very slight increase in transmissicn 1lcss
(IL) wsitlt depth, Tte IFD alsc shows an overall increase in
transsissicr loss with depth kut with several fluctuaticans
in trarsgission loss and a marked peak at about 300 meters.
So ipn general, the results frcer the two models have the same
general terdencies altkough the IFD appears to shcw greater
detail in results near the vater/sediment boundary.

Figure 2.4 slcws results at 5.0 ka in range. Here,
the water depth is still 300 nmeters and marks the very
teginrirg cf the slofing bottos section. For this range the
JKM predictions are crly available to a depth of 300 meters.
The results are nearly identical with those cbtaiped Ly the
IFD. Bcth models show a relative minimua in transaission
loss at a depth of 1C0 meters and then a gentle increase in
11 with degth.

The model results at a range of 7.5 km are seen in
Figure 2.5. At this range the bottom depth is akcut 150
meters aaé the bottca is slcpingy. The @wmocdels show the
greatest difference at this range. Both models frcduce
nearly identical resvlts in the water coluamn, but Lteneath
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Transmiussion Loss (db)
50.0 68.0 73.C 83.0 2.0 10C.0 1:i10.0 :22.9
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300.90
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FPigure 2.4 IFD and JKM Conparison at a Range of 5.0 Ka.
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Figure 2.5 IFPL and JKM Ccmparison at a BRange of 7.5 Kam.
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150 wseters in degth the mcdel estirmates zeyin tc stew
éifferences. 7The Jersen and Kuperman results show a gradual
increase ir TL with depth below tae ocean kottoa. The 1FD
results cn the other tand, shcw a gradual decrease in trans-

gkissicp 1lcss frem 15C meters to 300 meters, with a relative
ginisus at 300 seters and then an iancrease in 1L Lerneath

in tke sedimeat, hcwever, beth models produce sirmilar

this degth. Althouck there are some differences in mocdel °
€éstizates near the ltcundary in the flat pbottom secticns ff:
fprevicusly discussed, the differences appear to ke greater E}Z
at the fourdary im this slcring bottom case. Ir thcse iﬁf
regicns away from the kcundary in either the water cclusn or ;.*“

results. 1he JKM's difficulty in obtaining am accurate sole-
tion at thke sedizent kcundary is pot totally unexrected. 1Ihe
model cvses a variaticn of the straight split-step sclution
technique similar tc¢ Brock's computer model (Jenser and
Ruperszan, 1980), ttat has characteristically Leen unsuc-
cessful in cbtaining a reliable sclution near a bcurndary.

lhe results at a range of 10.0 km are seen in Figure
2.6. At this range the wvwater depth is aprroximately 100
geters and the bottos is again in a sloping region. At tlis

rang€e Jensen and Kceperman results are only availakle to
about 15C &rmeters in derth. For the data availatle, the
models prcdrce nearly identical results. Becth models fpredict R
a minimug at about ®C meters in depth and then ar alacst
linear increase in 1L with depth. The 1IFD results also
reflect 2 transmissicr loss gaziosum at about 200 meters, and -
then a2 =light decrease of 11 beneath this depth. Data at RS
these depths are not availakle from the Jensen and Kufrerzan S
run. Ix 1light of tke results cbtained at 7.5 k=& for a
slopirg tcttom <case cne might expect that the resylts fecr

the two acdels wculd show differences near the ocean Lottcan.
Bowever, since there is crnly one Jensen and Kuperman
predicticn available near the kottom for this range, it is
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difficult tc make any definite conclusicns regardicg diftfer-
€nces ir gcdel perfcrmance at the boundary.

Fesults at tle apex (ramge equal to 12.5 km) <car be
seen ip Figure 2.7. Since all estimates are made in the
sediment at tiais rarge, tbhere is no boundary to ccrtend
sith. At this range the two models show the test agreermert.
Eoth models show a gradual decrease in transmission lcss to
a depth ¢f about 300 meters and then a gradual increase of
TL witl defpth.

In general, there agrears to be good agreement
ketween tke IFD and the JKM smodel results in regicrs not
irfluenced ty a boumndéary. In koth the water arnd the deep
sediment the twc models prcduce similar results. Altkough
this is rct conclusive evidence, these similarities sucgest
that the IFI can successfully model accustic propagaticn irn
these recicrs. Near tlke water/sediment boundary however, the
Jenser and Kuperman ard IFD predictions show marked differ-
ences. These differences appear to intensify as the kcttom
teccres mcre sorhisticated. In general, the Jenser and
Kuperzan results dc rct seen to show the detail the 1IFD
results do. Considering the different solution technigues
enplcyed 'y the two mcdels, these differences in results are
€xpected.

The third attempt at verifying the IFD rerfcrmance
was dcre Ly comparing results with an image theory nodei
derived ty Coppens, Humphries, and Sanders (1984). 1This
Coppens, Humphries, and Sapders Model (CHSM) uses a saddle
point afpprcximation to an izage model tc solve fcr the
acoustic field. Bcth prograzs were run for the scaled
scenaric mcdeled in the tank experiment. This scenario is
depicted in Figure 2.8 and features a ten degree slcping
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tottcx. 1The maximum water depth for the run is 350 meters
and the maximum range is twc kilometers. The source gener-
ates a 100 Pz signal and is set at a deprth of 175 meters.

FREQUENCY -100 HZ
SOURCE DEPTH =175 M.
0 ) m—
4  WATER [ 10.0 °
350
500 }
o
E
P a
a
w
(=
15004 = == = = = — — — e e . — ————— . —— -
ARTIFICIAL LAYER
2000 + e
0.0 0.5 1.0 1.5 2.0
RANG=(km)

Figure 2.8 10 ILegree Sisple Sloping Bottom Case.

The image model provides soluticns only at the apex.
The ccrpariscn of rredicticns at the apex(range egual tc 2
kilometers), can be seen in Figure 2.9. In the Figure, the
IFD values are plotted as the solid curve while the image
zodel values are shown as circular points. 1The predicticas
are skcwr as values ¢f norsalized pressure amplitude for a
given depth. The difterent models produce pressure agplitude
values in different vurits, and thus, had to be normalized to
xake a ccmparison of values possible. This normalizaticn uas
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done for e€éach wmodel ity dividiny the presssure arplittée by
the maxizus amplitude fredicted by the model.

1be results suggest that even thoujh the &cdeis
predict similar larce scale trends in pressurz agplitude
sith depth, there are several diiferences ir detail. Ikte
plot shcus that toth the IFLC and the izage mcdel predict aa
almost linear increase in asgplitude with depth doun tc a
5 specific raximum and then a slow decrease in agplitude

teneatk this maximum. The IFD Lowever, shows tae gaximum at
h about 15.5 meters in depth while the imaye model maxigum is ';fﬁ
‘ deeprer at 1S nmeters. Beneath this maximum tke IFD shcws 3 L.
b sucu starper decrease in amplitude than the image scdel. 1lhe
ﬁ trernd in the ipage mcdel data appears smooth, wnile the I1FD
- curve reflects several small scale fluctuations.

h 1t appears tiat both models predict sisilar large
scale trends in jresscre amprlitude for this scenario. It is

- difficult, if not imjcssible, to account for the differences
in detail. As a minisua, hcwever, this comfarison irndicates
' that the tuo sets <cf predicticns are consisteant witlk cne
- anotker and can be considered reasonable in this shallow
‘ vater envircoment.

4. Ccmrariscn with Physical Eeasoning

Frcx model ccrprarisons it appears that the IFL at
least makes a reasonalle estimation of acoustic fields ir a

shallcw sater envirorrment. IFD results are also apalyzed in
ccmpariscn sith basic physical reasoning and theoxry as a
fourth attespt at model verification. This analysis «xazibpes
IFD trapsgission loss contcurs for the simple ten degree
sloping ccean scenaric seen in Figure 2.8. The scepario is
tvo kilczeters ip rance with @ paximum depth of 350 meters.
The tle source generates a sigpal at 100 Hz arnd is placed at
175 meters in derth.
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Trarsmissicn 1loss ccntour plots are displayed in
Figure 2Z.10 througl Figjure 2.13. All TL contours are
expressed ir decibels{db) and are shcwn as a <fancticn of
depth versus range. 1In all figures, the ten degree slcping
rottcs is shown as a solid wunlabeled line. Ihe contcur
Flots are displayed over fcur range subsections due to
computer ¢raphics limitaticns and to emphasize different
significant features in the field.

1he first figure shows transmission loss ccrntotrs
from the scurce to a range of 600 meters. Ine ccntcurs iL
the first 250 @meters appear very symmetric, increasin;
cutward from the socvrce in a fattern that reseables sther-
ical srreading. Since the IFL g[program assumes a Gaussiaxn
starting field this early pattern is expected.

Frcr a range of about 300 meters to 6030 meters the
field in the water aprears tc be dominated by a surface
reflecticn pattern. From the spotty appearance c¢f the TL
contcurs in this regicn there is amn indicaticn of ar irter-
acticn cf surface reflecticn apd bottom reflecticn c¢n the
contcurs., It is fossitle to ccapare transmission loss maxinma
sith rodes in the surface interference patters. Eased on
surface interference theory these nodes should cccur shere
(Kinsler, Fiey, Coppers, and Sanders, 1982):

SIN(kbhd/r) = 0
¢r in cther words;
khd/r = T

vhere:

b =0,1,2 « « «

= Range

= wavenumber(2ﬁ70)
Scurce Lepth

= Derth cf Node

= Wavelength.
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Ey maripulating the akove €juation it is rossible tc sclve
for tte depth at which the oncdes should be observed. For
this fparticular sceparic at a ranye of 604 meters, rodes
should «c¢ccur at integer multiples of 25 rmeters in déepth
{(25n) « Figure 2.1C shows that these tracsaissicn 1lc¢ss
gaxima dc exist as expected, every 25 meters in depth at the
stateé range€.

Eased on simple physical reasoning ope wculd exrect
refractive rending alcng the ocean bottom due to density
differences between tle vater and the sediment. 7The ccrntcur
Flot reflects a charge in Lasic pattern at the interface.
There is a lkending of the T1 ccntours that suggest a refrac-
tive influerce.

Figure 2.11 shows transmission 1loss contocurs froa a
range of 60C meters tc 1350 meters. Agaim in this regicr the
water aprears to be dcminated ty suriace reflectior. Sclviny
for the ncdes in tikis surface interference pattcern at a
range of 1350 nmeters, it is found that taese nodeés stkculd
appear every 55 meters in defpth. From the figure it is again
seen that T1 wmaximuas do occur every 55 meters inp degtk as
anticirated. As in the first figure there is a change ic
the rasic IL patterr at the ocean Lkottom. The Lerding
appears gcre¢ accentuated thar in the previous figure, rLut
still suggests the influence of refraction at the ccean
tottcaz.

Figure .12 displays transmission 1loss frem 1350
Beters tc past the apfex at a range of 2100 meters. 1In this
figure, tike dominance cf the surface reflecticn mechanism is
less ckviocus and the 11 patterns become more complicated. 1t
is icr this region that the influence of trapred ncrzal mcde
fropacaticn can ke seen. As discussed earlier, as accustic

€nergy travels up tle slope tcward the apex, norzal sodes
are <cut off and anergy is transmitted 4into the Lcttcrm. -
According tc adiabatic normal zode theory, mcdal sefparatioa
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is rarge dejendent (Graves, Nacel, Uberall, and Zavr, 1£75
and Ccppens and Sanders, 1580). The range from the apex at
shich tle lcwest mcde is transmitted into the bottom, can be
calculated using the fcllowing egqguation (Coppens, Sarders,
Icanncu, and Kawamura, 1978):

X = As4 SING TANQG

wtere:

I = Dumf Distaance Of The Lowest Mcde
N = Havelergth

6, = Critical Angle

@ = Wedge Anjle.

According tc adiabatic norgal mode theory (Kinsler, Frey,
Coppers, and Sanders, 1982) , ip deep water (near the scurce)
the lcwer normal modes are far above cutoff aund the adia-
ktatic eigenfunctions coasist ¢f£ amn integer number <c¢f balf
€ine waves wvith zerc [fressure at both the top and tcttonm
surfaces. At the cutcif of each mode, the pressure at the
tottcr must be gaximiz2ed., resuvliting in an adiabatic eigen-
functicno that contains 1/4, 3/4, and 5/4 wavelengths at the
Irespective cutoff distances of 1X, 3X, and 5X for the three
lowest mcdes. From Figure Z2.14 it can be seen that as the
ncrmal mcdes travel ur the slcping bottom, succesive mnodes
are fcrced into the lcttom at distances where a particular
gzode reaches a deptk at which it can not longer [prcpacate,
Also frcm the figure it is <c¢bvious that a source s¢t at
gid-depth can nct excite the second mode. Sipce ttis
Farticuvlar ceometry is present in the tank scenaric it is
€expected that +the epergy asscciated with this seccné amcde
should rct be seer. Based on this 1line o0f physical
Ieascrian¢, modes shculd be dumped into the sedirent at the
first dump distance, fifth dump distance, ainth duap
distarce and so cn. 1f these modes are dumped as descriked
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Figure 2.14 Normal Bode Propogation in a Wedge Shared Ocean. L I
then they should be seen in the contour flot as reducticas L
cf trarsgission loss in the bottom at ranges of 1952 meters, 3fﬂ
1760 meters, 1568 meters, ard so on. L I

Frca Pigure 2.12 it <can be seen that there is an
cbvicuts decrease in transmissicn 1loss at approximately 1¢50
zeters (dupr distance #1) and 1760 meters (dunmp distarce
45) . Ttere is also a less <clearly defined reducticn in TIL !
along tte kottom at 1565 meters (dump distapce #9).

The final cortcur plot (Figure 2.13) shows tranmsmis-
sion lcss contours from 1550 meters to 2300 meters. This

figure is ar extensicr cf Figure 2.12, interded to emphasize l;¢
bow clearly the bear at the first duop distance is defired :
in the plots. The Leam at the fifth dumfp distance is also _ j?j
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visitle rut is pot ne€arly as well defined. Frcm this figure,
cne car alsc see an ipdication of a very narrow team ir the
sedizent at about 18€( meters. 1This distance correspcrnds to
the trird demp distanceé (second normal mode). Based cr adia-
katic mcde theory tke seccrd mode is not expected tc ke
excited. Hcwever, adiabatic mcde theory is only anm apjiroxi-
gaticr cf rcrmal mode kehavior. This approximation cf ncrrmal
mode Lekavior leccmes less exact as the bottcn slcre
increases and the clcser the source is to the ajgex. 1Ihe
appearance ¢f a parrcw beam at the third dump distance inadi-
cates that there is a strcng G[possibility that the seccad
gcde is present and trat the adiabatic apjproximaticr is cct
exact with a ten degree bottcz slope.

The basic features of the IFLC coatour fplcts are
consistent with botk fhysical reasoning and theory. Easic
surface reflection and Lottom refraction QOCCUI wié€re
expected ard behave as anticipated. In the far field,
trapred porzal mcde fropagaticr is observed and canp e veri-
fied sith sigple dump distance calculations. The locaticn of
teams dusred into tle bottcm aprear consistent with lasic
pmode thecry. 1In shoit, the transmission loss coatours indi-
cate that the IFD is making reasonable predictiors c¢t the
acoustic field ip a slallov water environament.

S. JYerification sSumzary

It is difficult to say how exact the IFD predéicticns

are fcr a shallcw water epnvircpment based on these simfle

verificatior technigues. As a minimum it can be said tkat S g
the mcdel results are¢ at least consistent with other sodel éﬁii
predicticns and expectations Lased on simple fphysical ﬁgﬂ
reascring. Model estimates are virtually the same as the ii:
Jenser and Kupersan FE model in regions not influenced Ly a R
water/sedigent toundary. Clcse to the boundary the 1FD ._3
Iresults appear to shcw greateér detail and variaticn tlan 7"5

"1
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this FE zcdel. The IFD results aiso appear consistent with
the general trends in jressure agplitude predictecd Ly the
Coppers, Hugphries, and Sanders inmagje model. Agair differ-
€nces wWere roted in tre small scale structure. Finally, the
IFD 11 ccntcurs verify well with tasic expectations tased on
Fhysical reasoning and theory. surface reflecticrs and
tottcx refraction patterns are observed as anticipated. Far
field ncrial mode [prcpagaticn can Le verified in the f[icts
vsing sisple dump distance calculations. In short, all veri-
ficaticr methods attempted, fail to uncover any incorsis-
tency in IFI performance in a shallow water environment.
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III. JABORAICEY MEASUREBENIS R

d. EICKGECUND ]

1he majcr attempt at appraising IFD performance invclved Ly

comparirg wmodel results with lakoratory measurements. 1Ike if}

shailcw water envirorsent mcdeled in tane taank is very ideal- :ﬁ{

ized; a ten degree sloping <sand bottom with an iscvelccity j}ﬂ

water ccluan. Althcugh this scenario appears exteresly ——

simplistic, it is ore that cap ke reasonably modelec ir the -

laboratcry and still approximate conditiors in  an actual R

shallcv sater ocean environment. The methods used tc nodei S

and ogmeasure the accustic field are reiatively untested. e

Indeed, this attempt at lakcratory modeling was perfcrued ;Zf

ot cnly tc verify I¥L predictioss, but also to se€e if the ﬂi}

€nvircrment could re successfully modeled in the lakcratcry. ﬁ;ﬁ

.

E. EXFEFIBENTAL DESICGN T?f

1. 1be Tank o

A fiberglass ccated wocden tank was used. 1ke tank i

= is 304 centimeters ir length, 117 centimeters wide ard 95 3?:
E; centigeters deep. Sand £filling the bottom of the tank uas Q;
:ﬁ shaped tc fornm tke ten degree slcping bottex, and Qj
- measurements were taken over a range of twc meters. Maxizum o

.. water derth in the tank was 35 ceatimeters. A4 100 kiiz O

fgl source sas r[placed at mid-chanpel depth (17.5 ceatimeters). :EE

P The laycut cf the tark is depicted in Figure 3.1. S
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A slope of ten degrees was selected for several
reascns. 1c¢ begin with, even though a ten degree slcge is
greater than most ocean bottcr slopes, it is still spall
€nough tc ke considered realistic. Pernaps most importasct,
the tern degree slcje was selected because given the
frequency limitations (discussed later in this chagter) and
range ligitations, ttis wedge angle allowed the source tc be b

Flaced many (41.6) dump distances fror the apex. A large ;f?ﬁ
. rumber ci dump distarces was necessary to simulate a distact i
- source. e
_l The bottca material wused in the experiment was #30 o

g fine crade sand. The grain size ranged froa 0.15 millimeters
N to 0.70 nilimeters. The sand vas treated wita a technigue
N used ty Eaek (1984) tc remove air from tae sediment. This
technique used a high speed jet to agitate the sand/water
pixture toc remove tte bubbles and then allowed the sard to
. settle fcr several days before the experiment was initiated.

Fresh(tap) +water served as the medium in the tark.
T0 re€rove air bukbles, the water was allowed to settle in a
settling tank before being transferred to the experimentai
tank fcr use. The water in the tamk was periodically treated
sith chlcrire bleach to prevent the growth of biclcgical
zaterial.

-

Z. sigpal Generatina/Beceiving Equipment e

2 The acoustic signal used for the measurements was
Froduced ty a functicon generatcr, sent through an asglifier
and tben transmitted into the water by a directional trars-
- ducer rescpant at 100 kHz. The dimensions of the active face
. cf thbe transducer were 7.0 cm in width and 2.0 cm in height.
These dimensions resulted in an approximate beamwidth (an:ie
- from the acoustic axis to the first theoretical opull) of .
y 11.9 degrees in the bhorizontal and 46.3 degrees ir the et
' vertical. 1The narrcw horizcantal beans minimized reflecticns 5




from the sidewalls cf the tark, while the wide vertical Lean
allcwed ccoplete ersomiificaticn of the chanrel in the
vertical dizensica.

Tte signal was received Ly an LC-5 omni-directioral
bydrcphcre, sent thrcugh an asplifier and filter, and then
displajyed c¢n an oscillosccpe and voitmeter. A schexatic
skowing the electronic setup is shown in Figure 3.2.

A freguency <¢£f 100 kHz was selected for twc Irac-
tical reascns. First, to avcid particle scattering L; tle
sediment, the a&acoustic vavelength must be at least three
times larger tharn tle grain size of the sediment (Andersaer
and lieliermsane, 196€). The largest grain size in the sand
sas C.C7 cn, so that a waveienth of 1.45 c¢cm(100 kEz) was
sufficjertly large erough to bLe inmune to this effect,
Second, the 100 kidz freguency and the properties oi the sand
provide 2 dump distarce that is smali erough to allcw the
sourceé tc ke positiored many dump distapnces from the apex.

Sbaring the s=and bottom into a teu degree uwedge with
a upnifcrm and smootk interface proved to ke a lcng and
tedicus [prccess. I¢ facilitate this @modeling, wcoden
suprcrts (two-by-fours) were mounted a.ony the 1length of
Loth sides c¢f the tark. These supports were elevated at cne
€end cf tke tank to achieve the required ten degree slope. i
scraping device was «ccenstructed with wooden supports and a
metal scraring klade that extended across the width cf the
tank. This scraping device consisted of wooden sufjforts
along tke top that 1reached across the tank amnd cculd e
rulled alcng the elevated wocden supports on both side of
the tank. 1his scrapirg device was pulled along the sufgforts
repeatedly until a szooth slore of ten degrees was sculg-
tured frca the sand.

Ecles bhad tc be drilled into the metal scraging
ktlade recause when a solid tlade was wused in the shallow
porticn ¢£ the slope, water trapged behind the ttlade was
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1.) LC-5 HYDROPHONE.

2.) AMPLIFIER (HP 465A).

3.) ELECTRONIC FILTER (SK 302).

4.) OSCILLOSCOPE.

5.) VOLTMETER (HP 400D).

6.) FUNCTION GENERATOR WAVETEK 116.
7.) FREQUENCY OSCILLATOR (GR 1310).
8.) AMPLIFIER (HP 467A).

9.) FREQUENCY COUNTER (HP 5233L).

)

10.) 100 KHZ TRANSDUCER.

-

Figure 3.2

Electronic Eguipment Schematic.
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v forced teneath the scrager gouging the smooth bottcm. This
& tottcr mcdeliny techrigue was slow because, once a fass uas
pmade cver the bcttce, the water became turbid and it was .
then im,cssible to see the Lottoa. When the bot tom was rot
visitle, it was imjpcssible tc see where further sazccthiag
¥aS Decessary until the water settled several hours later.

In addition, as this smoothing process continued a silty

residue kecame serparated frcm the sand and settled c¢ut on :
top ¢f the sand. TLkis residue would Le easily resuspended TJ&;
and eventually had tc ke reamoved using a water syphon.

C. QMNEASUEEMENT EROCELURES

2 Measurement cf tke [rressure field within the water was
' done Lty lcwering the receiver in depth at specific ranges of

interest. The receiving hydrophone was attached to a fpair of 5;
gicrcmeters at rigat angles to one another, that was in turn :
folted tc a board which spanned the width of the tark. Once Ry
the tcard was placed close to a range of interest, cie L
gicrcseter was used to give fine adjustments ir range and {\H
the ctker in depth. .

1be reasurements were subject to both an accuracy end a e
Frecisicr error. On a given day, with the water level fixed s
and the crcss-tank support set at a particular place in the s
tank, it was possible to [fosition the receiving hydrcpkcme itu
with an accuracy in depth and range of plus or mipus 0.06 Rt
centimeters (one tuir of the nmicrometer). To prevent the ?ﬁf?
sand ‘inland* of the apex frcm drying out when not taking
Beasurements, enough water was added to the tank after cach
data run tc keer the sand ccrpletely submerged. The next
tine seasurements were taken, water had to to le reroved :;;f
from the tank tc reestablish the beach. Because cf these

small changes in the water 1level the hcrizontal positicn ¢f N ;
the Leack was subject tc a [recison error estimated to be _ ﬁ;ﬁ
withir rlus or minus cne centiseter. RO
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Tte firal decisicn asscciated with the 1neasuvregerts

centered cr whether tc use a triggered pulse c¢r a ccrtiruacus

' ) wave (CF) signal. With a triggered pulse it was possikile to
' distirguish the received signal <from interference caused cy
reflecticns off the side of the tank. On the other Laré, Lty
using a trigyered fulse there was a possirility that tae
Fulse length was not long encugih £for the acoustic erergy

associated with paths reflecting off the top ard kcttcm of
the water cclumn to cverlap the direct path frox the scurce
‘ to receiver. A CW sigpal wculd avoid pctential pulse leacth
l problems, kut it would be imprcssible to Gistinyuish retween
the actual signal ané interference. The use of a source with
a narrcw hcrizontal keam reduced the eifects of reflecticrs
from the side walls, Lut there was still the possibility of

) interference from side lobes reflected from the sides.

It was necessary to determine the bLest zeans tc¢ take
AE geasuiements. This was done Lky taking measurements at the
ij same locaticn with different pulse lengths to determire the
i Iequired pulse 1length to give <consistent results andé tken
- comparing thkese results to those obtained with a CWw signal.

- ' The tiird dump distarce (14.4 cm from the afpex) and just
_ rast the tenth dump distance (50.0 cm from the afpex) were
i chosen, and measuremernts were taken for pulsed signals cf 64
and 256 cycles, and a CW sigpnal. These measuremerts can be
seen in Figure 3.3 through Figure 3.5. In the figtre
depictirg results at the third dump distance, the CW

geasurenents are shosr as the solid curve, the 64 triyger

| B AP

cycle results are displayed as circular points, and the 256

.

A
’

trigger cycle results are depicted as triangular pcints. For f?
clarity, the nmeasurements taken just past the tenth dunp o

iy rrs.

distarce are shown ir two figures. Figure 3.4 ccanpares Ch
results (sclid curve) with the 64 triyger cycle sigral
(circular jfoints). Figure 3.5 compares Ci Q2easuremsents
(solié curve) with the 256 cycle results (circular foints).

A 4¢€




NORMALIZED AMPLITUDE

0.0 0.2 0.4 0.6 0.8
0.0 ! ! |} i

0.1+

0.2 4

0.3

0.4+

T
N 0.5 4
N
0.6 1
0.7 4
0.8
—— CW SIGNAL
-0~ B4 TRIG. CYCLE
0.9 |-~ 255 TRIG. CYCLE
1.0 =
RANGE = 2.0X
Figure 3.3 Eulse length Analysis at 3.0X.
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Figure 3.5 Fulse length Analysis at 10.4X.
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The pressure amplitude values were normalized Ly dividing
€ach jressure value ty the raximum fpressurc value ir the
field. 1Jke depth values were also normalized by Gividing
€ach depth Ly the maximum degpth.

The results in Figure 3.3 show gocd agreement Letweern
the tkree curves. 1In particular, the results icr the Cw
signal ard the 256 cjycle signal are very sipilar. 1ke 64
cycle signal shows tle same bebavior as the CW sigral, rut
differs in magnitude kelow rid-depth.

The results at t5C.0 cm frce the apex appear much moze
complicated than at the third duap distapce. Figure 3.4
ccmpares results acteived with the CWw sijcal ard the <i
cycle sicnal. From the figure it cap be seen that the two

sets c¢f results shcw good agreement. The measuremernts
depicted in Figure 3.%, which ccmpares the 256 cycle sigral
and the CW sigpnal show [foorer agreement, althcugh the
general shapes cf botk curves remain sigilar.

Tlese results irdicate that interference from the side
walls is sufficiently small sc that it is possikle tc make
measurezents with a C% signal to at least ter Gump distances
from the afpex. Long pulses could also Le used, Eut the
difficulty c¢f makin¢c voltage gseasurements with an cscillo-
scopre ccmpared to reading a voltmeter, dictates trlat
seasurepents should ke made with a CW sagnal.
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IV. PODEL BESULI CCREABISONS KITH

A. IFIBCLUCTION

IFD mcdel rredictions and laboratory measureaesnts were
cbtaired fcr compariscn in Lkoth a general and detailed anal-
ysis. The general analysis ccompared results every five
centizeters from the teach to a range of 50.0 ci frcE the
Leach. The measurements were spaced to ygive results at
apprciimately each «¢f the first ten duamp distaxcces. lhe
detailed analysis ccrpared results every centimeter frcuo 2.0
to 11.0 cn from the agex. These measurements were taken to
cbserve the sensitivity of the pressure field +tc¢ small
changeés ir range.

B« TEE GENERAL ANALXSIS

1te general anlysis compared IFD results aad lakcratcry
measurements at apricximately eaca of the first ten dum:
distarces (every five centimeters from the beack). %hese
measuresents were oltained bty fixing the «receiving hydio-
Fhone with respect tc the crcss board and them moving the
toard out ir increments of five centimeters to measure the
desired field as a functicn of depth at eacih range. 1Ihe
received CW signal was read on the voltmeter.

Tke ccrrariscens are shown in Figure 4.1 through Figure
4.10. In the figures, the IFD predictions are displayed as a
sclid line while the experimental mneasurements are shcwn as
circles ccnpected by a dashed line. Each pressurs value was
ncrmalized to unity ty dividing it by the naximum fresscre
value fcr the respective curve. The depth values were also
normalized ty dividing each depth by the maximum defpth in
the sater ccluan.
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In general, the [ressure patterns predictel Lty the 1FD
and tbkose 1measured, Lkoth Lecome more compliicated as the
range frcm the Leack increases. At all raages, ta€ie 1S
gualitative agreement in the scale of the predicted features
and tle scale of the nmeasured features. Quantitative aggee-
gent is lacking. This agreement in scale but not detail,
suggests that the phases amcng the normal modes predicted by
the 1w#cdel do not accurately reflect the experipental
situaticr.

C. TEE CET2AILED ANAIISIS

T1le detailed analysis ccmrared IFD values wita exteri-
mental measurements every centimeter from 3.0 cm to 11.0 ca
from the teach (0.7X tc 2.3X). The laboratory aeasurerents
were taken by fixing¢ the Lkoard at one lccation acd taea
using tle micrometer to adjust the receiver to the desirzel
range. Tke received C% signal was read from the voltmeter.

Tkese results are depicted in Figures 4.11 tarough 4.19.
In tke figures, the IFD predictions are shcwn as a solid
line and tke experizental measurements are displayed as
circles. Each [ressure value was normalized to unity by
dividing it by the =@maximum [fressure for the resgective
curve. The depth values were normalized by dividing eaca
depth Lty the maximum depth at the particular range.

Tkere is gualitative agreement in the scale of the lasic
features fcr all rances, but guantitative agreemernt is rct
cbserved. Tke IFD patterns change very little thrcughcut the
analysis, while the measured values chanye more ragpicly
{especially past 2.03X). The results at z.1X apd 2.3
(Figure 4.1€ and Figure 4.19) show that the pressure field
can change fairly significantly over a range as short as cae
centizeter. At those ranges where there is poor agreement
tetween results, there is an indication of Ehase
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. interference (Figure 4.18) . For distances less than SX,

i theory predicts that for a source at mid-depth, the lcwest
. ) ;ro;agating_mode shculd experience dinterference frcm only
.t the evanescent tails of higher modes. Tkerefore, ir the
é - regicr c¢f the detailed analysis, oue expects small
ﬁ interference effects, The experimental resuits in tbhis

regicn however, shcw rather significapt interference. 1he
interference suggests unsuspected propagating modes are
rresert, cr that tke evanescent tails are larger tktan
€xpected. From the tremnd in the curves it argpears as if the
Fhase interference is not a factor from 1.5X inward tcward
the keack (Figures #4.11 througb 4.15).
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ﬂ * V. CONCLUSIONS/EECOMMENDATIONS

Ad. CCNCIUGSIONS
; 1. lerformance c¢f the IFD Model

! This apalysis of the IFD acoustic moiel did rot
:T uncover any major failures cf model performange ir a sigpli-
Ef fied shallcw water epvironment. But this is not to say that
,? the mcdel consisteantly and accurately performs in such an
F ccean scenario. Althcuga comparison of IFD predicticns with
two cthier mcdels and with simfple physicai reasoning did not
Uncover any inconsistencies in performance, the agreement
tetween IFL values and labcratory measurements is insuffi-
cient tc give <complete confidence in tihe perforzance ¢f
€ither tle model or tke experiment.

There is reasonable agreement between the scale of
the features precdicted by the 1IFD model and the experizert.
Eoth the model and the neasurements show iacreasing
e conplexity as range is increased from the beach. But despite
the sigilarities, tkere is pcor quantitative agreemert in
results. Cre possikle cause for the differences may ke tkhat
the phases of the nciral mcdes predicted by the mcdel are
€xtresely sensitive tc minor irregularities in the shaje of
the interface and tlke acoustic properties of the Ekcttcn. L
freliginary work (lLeSesne,1984), suggests that the r[hase f;
relaticnships betweer modes is strongly dependent cn the
- distarce of the source from the apex even at great rarges.
E Consecuently, it afpjears that the collective influence cf
: the pcrzal zodes is dependent upon careful gecmetric c¢catrol
cf the experiment.

Tbe detailed analysis around 2X, reveals that large
- rhase interferences cccur where only one propagating mcde is




€expected. Tanis indicates tbe existenc: Of dan e€xtendeld
evanescert tail withir cutoff ¢i the higher umodes. Kawezira
and Icanccu (1978), noted that the aprarent phasas ¢f tae
€vanescert tails are extremely sensitive to the letails of
the erviicrusent. The results indicate that the tail dces rot
decay quickly, and its influebce is pervasive (Figures 4.2
and 4.3). From the trend in the curves, it agfgears tris
phase interference is not a factor any closer tc the leach
than 1.5X% (Figures 4.11 thrcugh 4.15).

-

2. PModelingsMeasurement Erecedures

The labcratcry measureaents reprcesent an  initial
attenpt at rodeling ar idealized shallow water 2anvircroament.
The exrerimental teckri,ues are not without roblens. all
sets ¢f Gmeasurements were repeated and saowed gcod agree-
gent. Tte reproducitility c¢f the measurements suggest that
randcr errcrs have leen wminimized. However, systernmatic
€Irors remain which also contribute to the discregancies
tetween rredicted and measured values. Some of these errcrs
derive frcm eguipment, such as the fact that the size ¢f the
hydrcphcne is of the same order ofi magnitude as the scale ci
variaticrs in the pressure field. In addition, the envircn-
ment in the tank may nct be sufficiently close to the ideal

envircnzent assured Ly the model.
E. FRECCEBEEBRDATIONS .riﬂ

Fritter study and verificatiocn of the IFD couputer model
is reccmrended. A ccmparison of IFD predictions with cttler
models nct analyzed in this study, may uncover the cause of
the inccnsistency wlen compared to measured values. A
detailed study of the prase irteraction of the normal ncdecs,

althcugh extremely cciplex, may also offer insignt intc the :jgn
IFD perfcrmance. :
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It ajrears that the mcdeling of an idealized shallew
sater envircnment in the lakoratcry is of value in acoustic
podel verificaticn. 1[espite the experimental difficulties,
there was qualitative agreerent in the Lasic features
tetween rcdel predicticns ana lakoratory measurcasnts. Eut
the €xperirent represents only an initial probe intc tue
rodeling/measuresent technigues of a shailow water envirca-
tent. Further refinenent of these technigjues and the ex:ieri-
tental egjuipment may result in better gunantitazive
SRS U X 4 betweer acdel grediciiorns at Lsfuiates

wcdz UL dents.
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APEENLIX C
FONRING THE CCNTOUR ELCT ON THE NPS COMPUTER

A« INIFCLUCTIOB

This Aprenéix descriles a procedure for ruaning the IL
contcur plct on the NiS computer. Detailed instructicns for
runnirg the IFD frogram can be found in Jaeger(1583).

E. CCEYING THE FILE IOE USE

Cpce the TL values have Leen gJenerated by thke 1IFD
Erograr, all that is needed to froduce a Il contour fplct is
the fiie F1CTS FCRTR2N. This file is shcws in Appendix E and
can te copied from a computer account maintained ty the
Undersater Acoustics Curriculur. To link with this account
and cktain a ccpy of the f£ile, the user shculd fprcceed as
fcllcss:

(1) 1cg cn terminal.

{(z) Enter: CP LINK 0160P 151 195 kR .

(3) Wien promjted for the read passwcrd enter: UX .

(4) Ertexr: ACC 195 C .

(S) Enter: COFY PICIS FORIEAN C = = A .
At this [cint the PI1CTIS FOBIKAN file should reside c¢p the
user*s A disk.
C. EUFNING THE EROGHAM

Eefcre xunnirg tke prograr the user must obtain the TL
values ficn the IFD frogram. These TL values mpust ke sent to

..........

“e o' \'v‘t\'ﬁ"

DS .
......
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[

a data disk in crder tor the EFICIS program to re akle tc ise ;ﬁk
. thes. 1This can te dcre by flacing a WRITE statemexzt in the 8§
. IFD fprcyras that sends the values to a data disk. Thke xo0di-
. fied 1FD defpicted in Mprendix A uses this technigue ané can
ke used as a guide.
Crce tle data disk has Leen created, the user mrst
l assign tespcrary disk space (IDISK) to give the [prcgranm
i sufficiert rooms to generate the IL contcurs. For mcre infcr-
. matice «c¢p how to assign temporary disk sgpace, s€€ MPS
Technical Ncte TN-VM-C1 which is availible in the conmputer
H consultart's office.
%ith these initial steps ccapleted, all that remains is
to ccrpile and run tle program. The program can ke ccrpiled
kys

ATE

Enter: FCETIGI PLOTS .

Tae prograz must be run at the TEK618 grathics tergirzal
under DISSFIA. This can be dcne Ly:

Enter: DISSPLA .

D g
LN

IRTIR S MARRPY
P I O

RIS ft'l.'.-'.'-'"".' PR

The wuser will then te prcmpted for the compiled Fcrtran Qib
Erograg rame and the iile definitions for the data ¢isk, e

. tefore tie program will run.
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AREENRIX D
SOUBCE LEPIH SENSITIVITY ANALYSIS

JU .1~ the laboratcry eixperiment, two supplzmental sects
¢f measurements were taken to obtain an indicaticr cf the
sensitivity of the [ressure asplitude to changes in the
source deptb. The first set of measurements was oktained by
varying the source depth with the receiver fixed at 1.0X
{4.8 co frcz the beach), and lowered in depth to the Ecttca.
For tke seccnd set of measurerents, The receiver was fixed
at the third dusp distance (14.4 <c¢m from the beach), and
Eeasurenents were taken with the source fixed at 5, 7, 9,
1, 1z, 15, 17, 19, 21, 23, 25, 27, 29, and and 31 cm frcm
the sctrface.

The results of the first analysis are shown in Figire
L.1. 1In the figure, [fressure was normalized by dividirg by
the raxisum fressure and depth was normalized by dividirg by
the derth cf the water colusn. Although theory predicts only
cne projagating mode at this distance, the results show
modal fhase interfereirce.

The results cf tlke seccnd analysis are shown ip Figire
L.2 tlircugh Figure D.€. In the figures, each curve repre-
sents a set of measurements taken with the source fixed at a
specific depth. For convenience, aore than one curve is
shown cn a given figtre. All pressure values were norsgalized
Ly dividing by the tlke maximur fressure in the field. 1he
depth values wvere ncrmalized ty dividing by the aaxizuam
water degpth.

1z general, at Z.0X there appears to be modal rhase
interference vhich is influenced Ly source depth. Giver the
rougbness of this apalysis, the details of this interference
are otascure. However, the modal interference does nct afpear

17




to be incorsistent with eitbher the placement of the scurce
¢cr with the previous experimental measurements. )
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